The isocitrate dehydrogenase (IDH) enzymes were initially identified as essential components of the Krebs cycle. IDH mutations were thought to be incompatible with cell survival. However, 90% of glioblastomas were recently shown to be associated with somatic mutations in these enzymes, indicating a possible role for IDH in promoting cellular survival in hypoxic environments. Our proteomic analysis of rats given 10 minutes of middle cerebral artery occlusion to induce transient ischemia demonstrates a significant decrease in IDH expression. We have recapitulated this decrease in an in vitro model using primary cortical neurons exposed to acute oxygen and glucose deprivation. Given the role of IDHs in energy metabolism and antioxidant production, we hypothesize that the IDHs may serve as first-line, rapid-response enzymes that regulate survival in environments of energetic or oxidative stress. In order to identify the specific events that regulate IDH enzymes, HT-22 neural cells were subjected to either a selective energetic challenge or a pure oxidative stress. In response to the non-lethal energetic challenge induced by substituting galactose for glucose, we observed increased IDH1, 2, and 3 expression and cessation of cellular proliferation. No change in expression of any IDH isoform was observed when neural cells were subjected to subtoxic oxidative stress via glutathione depletion. Taken together, these data imply that IDH expression rapidly responds to changes in energetic status, but not to oxidative stress. These data also suggest that IDH enzymes respond not only to allosteric modulation, but can also change patterns of expression in response to moderate stress in an effort to maximize ATP production and survival.
Introduction
The components of the Krebs cycle and their modulation through changes in cell physiology have been well appreciated for over 60 years [1, 2] . Krebs cycle enzymes were thought to be essential to the survival of complex aerobic organisms such that mutations in these proteins were believed to be lethal. However, recent studies, as reviewed by Thompson (2009) , link mutations in components of the Krebs cycle to human diseases. Gliomas, secondary glioblastomas, and acute myeloid leukemia (AML) have all been associated with heterozygous mutations in isocitrate dehydrogenase (IDH) [3] , one of the key enzymes in the Krebs cycle. These disease-associated mutations result in the inability to convert isocitrate to alphaketoglutarate (α-KG). Consequently, there has been an increased focus on bioenergetics in pathological conditions, such as tumorigenesis, where hyperproliferative cells undergo metabolic adaptation, priming them for growth in anaerobic conditions [4] . Moreover, in disease states, neurons can metabolically adapt to increase survival to a limited extent by switching to glycolytic pathways and consuming lactate similar to tumor cells [5] , although the mechanisms that promote neuronal adaptation during hypoxia are not fully understood.
Hypoxia-induced injury in the brain during an ischemic attack is largely mediated by excess glutamate release and excitotoxic effects due to a significant influx of calcium through N-methyl-Daspartate receptors, as well as increases in reactive oxygen species (ROS) [6] . While these changes can induce neuronal death, mitochondria can initiate neuroprotection through the sequestration of calcium and reduction of ROS via a mild uncoupling of the electron transport chain [6] , ultimately eliciting changes in ATP production. Mitochondria, and thus regulators of the Krebs cycle, therefore must be able to both sense and rapidly react to stroke-like conditions in order to promote neuronal survival. While the benefits of utilizing available substrates to maximize ATP production during hypoxia and/or ischemia are well appreciated, the role of individual modulators of adaptation to injury are poorly understood. A recent report utilizing a proteomics screen found that several Krebs cycle enzymes and regulatory proteins are downregulated after neuronal preconditioning [7] . In keeping with these data, preliminary proteomic screens in our lab, identified a 30% reduction of IDH3 in the brains of animals exposed to transient ischemia by middle cerebral artery occlusion (MCAO), which elicits neuroprotection [8, 9] . This protective phenomenon, known as preconditioning (PC), results when a mild stress prepares the brain for and therefore protects it from the harmful effects of a subsequent, more severe stress. Hallmark features of PC include protein synthesis, K ATP channel opening, and heat shock protein induction [10, 11] .
Given the growing recognition that IDH regulation plays an essential role in both physiological and pathophysiological environments, we sought to analyze conditions associated with ischemia that regulate the expression of the IDH enzymes. Our goal was to determine the consequences of these alterations on the energetic and redox status of neural cells and their ability to survive subsequent injury. We hypothesize that IDH isoforms may serve as a rapid regulatory control point after mild injury, ensuring a prompt response that can alter neural fate.
Materials and Methods
User-friendly versions of all protocols and procedures can be found on our website at http://www.mc.vanderbilt.edu/root/vumc.php?site= mclaughlinlab&doc=17838.
Reagents
Hyclone defined fetal bovine serum was obtained from Fisher Scientific (SH3007003). Bovine serum albumin (BSA) and 1 M HEPES buffer were procured from Sigma (A1470 and H0887). Poly-Lornithine hydrobromide (Sigma, P3655) was used to coat 12 mm or 25 mm glass coverslips (Carolina Biological Supply, 63-3029) for primary cultures. All remaining cell culture media and supplements were purchased from Invitrogen. Antibodies were purchased as follows: IDH3α (Aviva Systems Biology, ARP42237_T100), heat shock conjugate 70 (HSC70) (Assay Designs, SPA-816), hypoxia inducible factor-1α (HIF1α) (Novus Biologicals, NB100-110); IDH1 (sc-49996), IDH2 (sc-55668) and α-KG (sc-49589) antibodies were purchased from Santa Cruz Biotechnology, Inc. All other immunoblot supplies, unless noted, were purchased from Bio-Rad Laboratories. Secondary antibodies for immunocytochemistry were purchased through Jackson ImmunoResearch and included Cy3 conjugated anti-rabbit (711-165-152) and Cy2 conjugated anti-mouse (715-225-150). The antifade reagent, Prolong Gold (P36934) was purchased through Invitrogen. Western Lightning Chemiluminescence Reagent Plus was obtained from PerkinElmer Life Sciences (NEL104001EA), SuperSignal West Dura Extended Duration Substrate Chemiluminescence was procured through Thermo Scientific (34075), DC Protein Assay Kit II from Bio-Rad (500-0112), Hyblot CL Autoradiography Film (E3018) from Denville Scientific, Inc. and ViaLight HS ATP Kit from Lonza (LT07-211). All additional chemicals were purchased through Sigma.
Primary Neuronal Cultures
Cortical cultures were prepared from embryonic day 18 Sprague-Dawley rats as previously described [12, 13] . Briefly, cortices were digested in trypsin and dissociated. Resultant cell suspensions were adjusted to 335,000 cells/mL and plated 2 mL/well in 6-well tissue culture plates containing five 12 mm or one 25 mm poly-L-ornithine-coated glass coverslip(s). Cultures were maintained at 37 o C, 5% CO 2 in plating medium composed of a volume to volume mixture of 84% Dulbecco's modified Eagle's medium (DMEM), 8% Ham's F12-nutrients, 8% fetal bovine serum, 24 U/mL penicillin, 24 μg/mL streptomycin, and 80 µM L-glutamine. Glial proliferation was inhibited after two days in culture with 1-2 μM cytosine arabinoside, after which cultures were maintained in Neurobasal medium containing 2% B27, 2x N2 and 4% NS21 supplements [14] with antibiotics. All experiments were performed between days in vitro 21-25 [15] .
Oxygen Glucose Deprivation (OGD) OGD was performed as previously described [13] . Briefly, growth media was replaced with deoxygenated, glucose-free Earle's balanced salt solution (150 mM NaCl, 2.8 mM KCl, 1 mM CaCl 2 and 10 mM HEPES; pH 7.3), bubbled with 10% H 2 /85% N 2 /5% CO 2 . Cultures were exposed to OGD in an anaerobic chamber (Billups-Rothberg) for a specified time at 37ºC.
Upon OGD termination, cells were washed once with minimal essential medium (MEM)/BSA/HEPES (0.01% BSA and 25 mM HEPES) and allowed to recover in MEM/BSA/HEPES/2xN2 (0.01% BSA and 25 mM HEPES and 2x N2) for various time points. Following recovery, protein extracts were prepared for immunoblotting as previously described [10] .
Primary Neuronal Preconditioning
Preconditioning was performed as previously described [16] . Briefly, mature neurons on glass coverslips were transferred to 35 mm Petri dishes containing glucose-free balanced salt solution (150 mM NaCl, 2.8 mM KCl, 1 mM CaCl 2 and 10 mM HEPES; pH 7.3) that had been bubbled with an anaerobic gas mixture (10% H 2 /85% N 2 /5% CO 2 ) for 5 min immediately prior to the addition of cells to remove dissolved oxygen. The neurons were exposed to OGD in an anaerobic chamber (BillupsRothberg) for 5 min at 37ºC. Upon OGD termination coverslips were washed once with MEM/BSA/HEPES (0.01% BSA and 25 mM HEPES) and then transferred to 6-well plates containing fresh MEM/BSA/HEPES/2xN2 (0.01% BSA, 25 mM HEPES, and 2x N2) for 24 h. The following day, coverslips were again transferred to 35 mm Petri dishes and exposed to 5 min of OGD. Upon OGD termination, the coverslips were washed once in MEM/BSA/HEPES and placed back into the identical 6-well plates containing the MEM/BSA/HEPES/2xN2 from the initial OGD exposure and placed in the incubator for 24 h. The 5 min OGD preconditioning was repeated a final time on the third consecutive day, and following 24 h recovery, protein extracts were prepared for immunoblotting as previously described [10] .
Every 24 h following 5 min OGD exposures, photomicrographs were taken and toxicity was determined using lactate dehydrogenase assays to confirm there was no neuronal cell death. In order to assess that the multi-day OGD resulted in PC, simultaneous experiments were performed in which neurons were exposed to the 3 day 5 min OGD PC paradigm followed 24 h later by a lethal 90 min OGD. Cellular death was then determined the following day using the lactate dehydrogenase toxicity assay.
Immunoblotting
All cell lysis and harvesting steps took place on ice. Cells were washed twice with ice-cold phosphate buffered saline (PBS) (4.3 mM Na 2 HPO 4 7 H 2 O, 1.4 mM KH 2 PO 4 , 137 mM NaCl, 2.7 mM KCl; pH 7.4). Following the second wash, 250 -500 μL of TNEB was added (50 mM Tris-Cl, pH 7.8, 2 mM EDTA, 100 mM NaCl, 1% NP-40, and a 1:1000 dilution of protease inhibitor) and cells were collected. Approximately 100-200 μL of the cell suspension was saved for protein determination and the remaining lysate was re-suspended in an equal volume of Laemmli buffer with ®-mercaptoethanol (1:20) . Protein samples were heated to 95°C for 10 min, and stored at -20°C. Protein concentrations were determined via the DC Protein Assay Kit II.
Equal protein concentrations were separated using 4-12% Bis-Tris gels followed by transfer onto Hybond PVDF membranes and then blocked in methanol for 5 min. After 15 min of drying, the membranes were incubated at 4°C overnight with their respective primary antibody prepared in 5% nonfat dry milk in a Tris-buffered saline solution containing 0.1% Tween 20 (TBS-Tween). Primary antibodies were used at the following concentrations: IDH1 (1:1000), IDH2 (1:500), IDH3〈 (1:800), α-KG (1:500), HIF1α (1:500), and HSC70 (1:1000). Following incubation in primary antibodies, membranes were washed three times with TBS-Tween, and incubated for 1 h at room temperature in a 1:5000 dilution of horseradish peroxidase-conjugated secondary antibodies dissolved in 5% nonfat dry milk in TBSTween. After three additional washes in TBSTween, protein bands were visualized using SuperSignal West Dura Extended Duration Substrate Chemiluminescence and exposed to Hyblot CL Autoradiography Film.
HT-22 Cell Line
HT-22 cells derived from the immortalized H4 hippocampal murine neuroblastoma cell line were received as a generous gift from Pamela Maher (Salk Institute). This neural cell line was chosen because HT-22 cells are a well-characterized model of neural oxidative injury [17, 18] . These cells undergo oxidative stress-induced toxicity upon exposure to glutamate, which blocks glutamate-cystine antiporters in the plasma membrane, resulting in glutathione (GSH) deficiency and oxidative cell death [18, 19] . Therefore, these cells model oxidative stress without activating exitotoxic cell death pathways. HT-22 cells were maintained in DMEM with glutamine, supplemented with 10% fetal bovine serum and penicillin/streptomycin (0.2%). Cells were grown in 75 cm 2 cell culture flasks at 37 o C with 5% CO 2 and passed by trypsinization when confluency reached 50%-80% [20] .
Glutamate Toxicity Assay HT-22 neural cells were plated at a density of 100,000 cells/well in 6-well plates and grown at 37 C with 5% CO 2 overnight. The following day, cells were switched into MEM/BSA/HEPES (0.01% BSA and 25 mM HEPES) culture medium containing 3 mM glutamate. As a positive control, 1 M sorbitol was prepared and added to the culture medium to induce total cell death in the appropriate wells. Twenty-four hours after incubation at 37 o C, cellular viability was photo-documented and assessed via the in vitro thiazolyl blue tetrazolium bromide (MTT) toxicology assay as previously described [21] or cells were harvested for immunoblot analysis.
Galactose Challenge HT-22 neural cells were plated at a density of 25,000 cells/well in 6-well plates and 5,000 cells/well in 24-well plates and grown at 37 o C with 5% CO 2 overnight. The following day, cells were switched into 100% galactose medium (Glucose-free DMEM, 11966-025, supplemented with 25 mM galactose, 25 mM HEPES, and 0.01% BSA) or maintained in original growth media. As a positive control, a 1 M sorbitol solution was prepared in the culture medium to induce total cell death in the appropriate wells. Cells were incubated in treatment medium for 72 h. HT-22 cells from 24-well plates were photodocumented and assessed for cell viability and proliferation with an in vitro MTT toxicology assay as previously described [21] , or fixed for immunostaining. HT-22 cells prepared in 6-well plates were photo-documented and then harvested for immunoblot analysis.
Immunocytochemistry
Immunocytochemistry was performed essentially as we have previously described [10] . Briefly, cells were fixed in 4% para-formaldehyde for 10 min followed by permeabilization in 0.1% Triton X-100 for 5 min. Cells were then washed 3 times with 1x PBS and blocked in 8% BSA diluted in 1x PBS for 25 min. After blocking, cells were incubated simultaneously in anti-rabbit Ki67 antibody (1:200) and anti-mouse β-tubulin (1:200) in 1% BSA at 4 o C overnight. Following primary antibody incubation, cells were washed 3 times in 1x PBS and incubated simultaneously in Cy3 anti-rabbit (1:500) and Cy2 anti-mouse (1:500) secondary antibodies diluted in 1% BSA for 60 min at room temperature. Cells were then washed 5 times in 1x PBS and incubated in 1.4 ⎧M DAPI for 10 min. After 3 additional washes in 1x PBS, coverslips were mounted in Prolong Gold and fluorescence was visualized with a Zeiss Axioplan microscope equipped with an Apotome optical sectioning slider.
Measurement of F 2t -Isoprostanes Lipid peroxidation was assessed through quantification of F 2t -isoprostanes (F 2t -IsoPs), prostaglandin-like molecules generated from free radical-mediated peroxidation of arachidonic acid [22] . F 2t -IsoPs are measured using gas chromatography-mass spectrometry as previously described [23] [24] [25] . Briefly, cells were harvested in 6-well plates after either a 24 h glutamate exposure or a 72 h galactose exposure, and 500 μL of the lysate was mixed with methanol containing 0.05% butylated hydroxy-toluene to prevent auto-oxidation. The remaining lysate was saved for protein assay to normalize loading concentrations. F 2t -IsoPs esterified to phospholipids were hydrolyzed by chemical saponification, after which total F 2t -IsoPs were extracted using C-18 and silica Sep-Pak cartridges, purified by thin-layer chromatography, converted to pentaflurobenzyl ester trimethylsilyl ether derivatives, and quantified by stable isotope dilution techniques using gas chromatography/negative ion chemical ionization mass spectrometry.
[2H4]-8-iso-PGF2 (m/z 573) was used as an internal standard. F 2t -IsoPs are detected at m/z 569.
ATP Measurements
Measurement of ATP content was performed after 24 h galactose challenge and 24 h glutamate toxicity via bioluminescent detection of light in the presence of luciferin. Briefly, in a 6-well plate, cells were washed twice with 1x PBS and then incubated in 2 mL of 1x PBS containing 300 μL of Nucleotide Releasing Agent provided in the ViaLight HS Kit. After a 10 min incubation, 180 μl of the cell suspension along with 20 μl of ATP Monitoring Reagent were added to a 96-well, transparent bottom, white plate. Addition of this reagent leads to the formation of light from the interaction of the enzyme luciferase with ATP present in the cell and luciferin. Following a 2 min incubation, measurements can be taken using a SPECTRAfluor Plus Tecan plate reader with an integration time of 1000 ms and a gain of 150. The resulting bioluminescent measurements are related to the ATP concentration, which can be quantitatively determined via an ATP standard curve and adjusted to total protein concentrations following protein assay. Measurements were obtained in triplicate for each sample and ATP levels are expressed as the mean Relative Luminescence Units ± standard deviation.
Analysis and Statistics
Except where otherwise noted, data were summarized and are represented as mean ± SEM.
The statistical significance of differences between means was assessed using one-way ANOVA at the 95% level (p<0.05), followed by either Bonferroni or Turkey multiple-comparison post-tests using GraphPad Prism software. Sample size (n) indicates separate, individual experiments.
Western blots were analyzed semi-quantitatively to determine the mean relative densities of each protein band in comparison to its control condition counterpart (NIH Image, Scion Image J). The rectangular selection tool was used to select vertical lane sections of equal area to encompass the control and experimental bands. Image J plotted each selection as a representation of the relative density of the contents of the rectangle over each lane and each peak was analyzed for area and for its percent of the total area from all peaks being compared. Relative densities were then calculated from the percent values, setting each control condition peak to a relative density of 1 [26, 27] .
Results
Ischemic preconditioning of primary neuronal cultures results in decreased IDH3 When rats receive a brief (10 min) MCAO 1-7 days prior to a permanent MCAO, they are afforded neuroprotective effects as evidenced by a 50% reduction in infarct volume [10] . Proteomic and immunoblot analysis of these preconditioned samples also revealed a 30% reduction in IDH3 expression compared to controls. In this study, we utilize a previously established, powerful and reproducible in vitro primary neuronal PC culture model [10, 16, 28] in which we now confirm our in vivo results and report a substantial (34 ± 11%) reduction in IDH3 expression (Fig. 1A-B) following PC as compared to controls. In addition, to demonstrate that our PC paradigm does not result in cell death, neurons were photo-documented each day throughout the entire experiment. As shown in Figure 1C , control neurons have complex arbors, phase bright somas and little debris that would be suggestive of cell death. This morphological integrity was also confirmed 24 h after the first 5 min period of OGD (Fig. 1D ), 24 h after the second period of 5 min OGD (Fig. 1E ) and 24 h after the final 5 min period of OGD (Fig. 1F) .
These images are in keeping with our previous data in which this multi-day PC paradigm causes no appreciable changes in cellular viability compared to control cells yet provides a 45% increase in survival when PC cells are subjected to a normally lethal, 90 min OGD challenge [16] . Given that ischemia is comprised of an excitotoxic, oxidative challenge and an energetic stress, we next set out to determine which of these components is the main contributor to changes in IDH3 expression.
Oxidative stress does not affect IDH expression OGD induces intense energetic and oxidative stress [16] . To identify the biological trigger associated with decreased IDH expression, we parsed the stress of OGD into two discreet stimuli. We first utilized the HT-22 neural cell line and glutamate toxicity. HT-22 cells undergo oxidative toxicity when exposed to glutamate due to blockage of glutamatecystine antiporters in the plasma membrane. Without cystine as a precursor to cysteine, GSH cannot be generated. This severe GSH deficiency as well as the >400 fold increase in ROS levels in this paradigm ultimately leads to cell death [18, 29] . Therefore, HT-22 neural cells were exposed to 3 mM glutamate, a concentration known to induce substantial oxidative stress in this cell line [13] .
After 24 h of glutamate exposure, immunoblot analysis revealed that there was no change in any of the IDH isoforms or in downstream signaling molecules such as α-KG or HIF1α (Fig. 2A, Fig.  S1 ). Cell viability was assessed visually (Fig. 2C-D) and via MTT assays (Fig. 2B) , and was not found to be statistically different between controls and glutamate treated cells.
The purity of the oxidative stressor was assessed via ATP assays, as well as F 2t -IsoP analysis, an accurate and reliable index of oxidative stress [30] . Compared to control, F 2t -IsoP levels increased 4-fold (p<0.05) after 24 h glutamate exposure, confirming that glutamate exposure is indeed an intense oxidative stress (Fig. 4A ) even though cell viability was unaffected. In addition, ATP analysis 24 h after glutamate exposure revealed no significant differences between control and glutamate conditions, confirming that glutamate exposure does not act as an energetic stressor (Fig. 4B) . These results suggest that sub-lethal glutamate exposure in HT-22 cells results in a substantial amount of oxidative stress, while not affecting energetic homeostasis or viability, nor eliciting any changes in IDH. Therefore, we next sought to determine if an energetic challenge might be the root cause of PCinduced changes in IDH expression.
The energetic stress of galactose challenge increases IDH1, 2, and 3 expression and prevents neural cell proliferation Cell lines in culture rely heavily upon the glucose supplied in their medium to generate ATP via glycolysis, a process that occurs outside of the mitochondria and independent of oxidative phosphorylation. However, when glucose is substituted with galactose (25 mM) cultured cells are forced to generate ATP via mitochondrial oxidative phosphorylation [31, 32] , which is energetically unfavorable as there is no catabolic pathway to metabolize galactose. Preliminary experiments demonstrated that a 25 mM galactose challenge caused negligible cell death after 24 and 48 h in HT-22 neural cells (data not shown). Therefore, a 72 h galactose challenge was chosen to create a chronic, sub-lethal energetic stress.
Immunoblot analysis following 72 h of galactose challenge revealed a 5-fold increase in IDH1 expression and nearly a 2-fold increase in IDH3 expression, while the expression of IDH2 increased to 28 times that of the control conditions. An increase in α-KG (1.44-fold) and a subsequent decrease in HIF1α (0.59-fold) were also observed (Fig. 3A, Fig. S1 ). Moreover, the energetic stress of galactose challenge effectively prevented cell proliferation as demonstrated by MTT assays (Fig.  3B) . These results were validated through immunocytochemistry where Ki-67, a marker of mitotic activity [33] , shows significant localization to DAPI stained nuclei in control cells (Fig. 3C ) but is nearly absent in the galactose treated cells (Fig.  3D ).
To confirm that galactose challenge is a solely energetic stress, F 2t -IsoPs levels were measured and normalized for proliferation differences. The amount of F 2t -IsoPs was found to be comparable in both control and galactose treated cells, indicating that the amount of oxidative stress induced by galactose challenge was negligible (Fig. 4C) . In addition, ATP assays conducted following 24 h galactose challenge demonstrated a significant decrease in ATP levels compared to controls when normalized for proliferation differences, confirming galactose challenge as an energetic stress (Fig. 4D) . These results suggest that changes in IDH expression elicited following neuronal PC are caused by the energetic component of ischemia.
Discussion
The goal of this study was to identify events that result in energetic compensation and protection in response to mild ischemic stress. Based upon our proteomics analysis, we found a significant decrease in IDH3 expression following PC in both in vivo and in vitro model systems. In addition, by experimentally isolating the two major components of ischemia, oxidative and energetic stress [34] , we were able to identify a key biological trigger of neuroadaptation. Changes in IDH isoforms were found specifically in response to galactose challenge, establishing that these enzymes play a unique role in regulating neural cell responses to energetic stress. These data demonstrate that altering the available energetic environment offers a rapid and sustained means to maximize substrate utilization in neural cells. Based on prior knowledge of glioblastomas and these PC models, we hypothesize that the IDHs act as neuronal energetic sensors and appear to serve as critical gatekeeping molecules at the level of the mitochondria in order to regulate neural cell survival (Fig 5) .
In response to energetic, oxidative and ionic stressors, neurons must integrate multiple signals to make decisions regarding cell fate. The phenomenon of PC is premised on the ability of acute, sublethal stresses to activate pathways and integrate signals in order to increase survival in response to a subsequent more severe stress. Calcium (Ca 2+ ), ROS, and HIF1α have all been implicated as key players in PC and its resultant neuroprotection [35] [36] [37] . Our lab and others have demonstrated that the production of ROS is a requisite event in the cytoprotective PC program used by neurons and other tissues/cell types [36, [38] [39] [40] [41] . ROS scavengers, such as free radical spin traps, therefore block PC in models of ischemic stroke [10, 41] .
Mitochondrial signaling has gained much interest in terms of PC effects because this unique organelle lies at the apex of many of the processes and molecules that have been identified as key components of neuroprotection following PC [6, [42] [43] [44] . Although the activity of critical Krebs cycle enzymes have been analyzed [4, 45, 46] , their expression levels are not often considered in the context of neuroprotection [7, 47] .
While there are no known allosteric regulators of IDH1 or IDH2, there are many regulators of IDH3 [48] , including Ca 2+ , citrate, ADP, and Mn 2+ [49] [50] [51] , many of which are impacted by PC [16, 41] . In nonneuronal cells, changes in the activity of IDH1 and IDH2 were suggested to support antioxidant defenses by increasing NADPH production while decreasing IDH3 activity. This was thought to provide a means in which to reduce flux through oxidative phosphorylation and influence the production of ROS [52] . Additionally, ROS inhibit the activity of IDH1 and IDH2 presumably through the oxidative modification of proline, lysine, arginine, and histidine residues into carbonyl derivatives [53] . Yang and colleagues showed that the free radical, nitric oxide, generated S-nitrosothiol adducts on Cys305 and Cys387, thereby inactivating IDH1 and IDH2 [54] . Since influx of Ca 2+ and production of ROS are associated with mitochondrial stress and pathological conditions such as stroke, allosteric regulation by Ca 2+ and ROS serves as an important control point for neuronal energetic status [55, 56] . The specific molecules impacted by these environments and the physiological stressors, which elicit these effects in vivo remain unknown.
We leveraged the ability that HT-22 cells have to undergo oxidative stress-induced toxicity upon exposure to glutamate, which blocks glutamatecystine antiporters in the plasma membrane, resulting in GSH deficiency and oxidative cell death [18, 29] . Our data demonstrate that glutamate exposure in this cell line is a major oxidative stress associated with significant increases in F 2t -IsoPs, the gold standard for assessing oxidative injury [57, 58] . Moreover, no changes in ATP were observed suggesting that this model induces negligible energetic stress. Following glutamate exposure, HT-22 cells demonstrate no changes in any of the IDH isoforms or downstream signaling molecules, suggesting that the changes in IDH3 seen with PC are not due to an oxidative stress response and may instead occur in response to the energetic status of a cell.
As IDH3 expression is subject to substrate limitation as well as allosteric Ca 2+ control in PC and neuroprotection [55] , it is likely that IDH isoforms serve as important energetic sensors for the cell. This idea is supported by our PC data in which we see a selective reduction of IDH3, an effect also observed in a PC model of rabbit ventricular myocytes by Arrell and colleagues [47] . Downregulation of IDH3 in response to this sublethal, PC stress may therefore prove beneficial to the cell through reduction of ROS due to decreased electron transport chain activity as well as through reductions in α-KG, which would promote stabilization of HIF1α. This model would therefore incorporate mechanisms employed by glioblastomas that possess IDH1 or 2 mutations.
Given that cancer cells rely almost exclusively on glycolysis for ATP production as explained by the Warburg and Crabtree effects [31] , immortalized cell lines are primed to not only survive, but also to continue multiplying in hypoxic and acidic environments [59] . However, when these cells are maintained in a glucose-free medium containing galactose, the ability to undergo efficient glycolysis is lost because there is no catabolic pathway to metabolize galactose, and the cells are forced to generate ATP solely via oxidative phosphorylation within the mitochondria [32] , creating a significant energetic stress. Our results indicate that galactose challenge in HT-22 neural cells is indeed a specific energetic stress as ATP levels were decreased with galactose treatment while no changes were noted in regards to F 2t -IsoPs, suggesting that oxidative stress in this system was negligible. This energetic challenge resulted in increases in all three IDH isoforms, affecting downstream signaling molecules including α-KG and HIF1α and the inhibition of cellular proliferation. This suggests that neural cells increase IDH1, 2, and 3 to intensify flux through the Krebs cycle and thus maximize ATP production to promote a more favorable environment for survival following an energetic stress. Therefore, the IDH isoforms act as selective monitors of cellular energetics at the level of the mitochondria playing a key role in determining the fate of a cell and potentially representing a novel group of neurotherapeutic targets.
While all three isoforms of IDH catalyze the same fundamental reaction of converting isocitrate to α-KG, each has a unique role in maintaining redox and energetic status within cells that contributes to normal physiology and pathophysiology when aberrantly expressed. IDH3, the main isoform involved in the Krebs cycle within the mitochondrial matrix, is an NAD + -dependent heterotetramer with abundant expression in stroke-prone regions such as the cerebellum, cortex, thalamus, and hippocampus [60] [61] [62] . Within the hypothalamus, hippocampus, and medulla, homodimers of NADP + -dependent IDH1 localize to the cytosol and produce the byproduct, NADPH, a reducing equivalent that aids in the regeneration of the major cellular antioxidant, glutathione, via glutathione reductase. Thus, through the production of NADPH, IDH1 can assist the cell in lowering levels of ROS.
Yang and colleagues reported a reduction in IDH1 expression with age, further supporting an antioxidant role for IDH enzymes as antioxidants are known to decline over time [63] . Homodimers of IDH2 are also NADP + -dependent and produce NADPH, but localize to the mitochondria of neurons within the thalamus, pons, medulla, and hypothalamus [62] . Since NADPH cannot cross the mitochondrial membrane, IDH2 may have a similar antioxidant effect as IDH1 within the mitochondrial matrix [64] . In fact, studies have reported that cells deficient in IDH1 or IDH2 have an increased susceptibility to lipid peroxidation, oxidative DNA damage, and intracellular peroxide generation as well as decreased survival after oxidant exposure [53] . Given that the oxidative stress induced by glutamate exposure did not alter the expression level of any IDH isoform in HT-22 cells, IDH expression is not likely influenced solely by a selective oxidative stress. Therefore, IDH1, 2, and 3 may serve more so as critical gatekeeping molecules in response to energetic stressors.
Clinically, the significance of the IDHs in energy metabolism can be seen through the pathology associated with mutated isoforms. For instance, a homozygous mutation in the IDH3β subunit is observed in retinitis pigmentosa. This loss-offunction mutation only manifests in the retina where IDH1, IDH2, or a combination of both are unable to compensate for the loss of IDH3 within the Krebs Cycle [65] . Additionally, heterozygous mutations at Arg132 of IDH1 are found in 50-94% of grades 2 and 3 gliomas as well as secondary glioblastomas. This mutation has also been reported in a minor percentage of AML cases. Interestingly, the IDH2 analog of Arg132, Arg172, has also been reported to be mutated in grades 2 and 3 gliomas as well as AML [64] . IDH1 and IDH2 mutations lead to increased survival of glioblastoma cells in hypoxic environments. Research has shown that IDH mutants not only produce less α-KG but that they also produce the potential oncometabolite, 2-hydroxygluturate (2-HG) [66] . Though the mechanism of 2-HG action is unclear, some have hypothesized that 2-HG plays a role in increasing ROS damage and competitively inhibiting metabolic enzymes including N-acetyl-aspartyl-glutamate [67, 68] and prolyl hydroxylases based on their structural similarity to α-KG [69] .
In future studies, we seek to determine whether decreases in IDH3 following PC and energetic challenge are due to decreases in protein expression, increases in protein degradation or as a result of altered mitochondrial biogenesis [41, 70, 71] [72] . Our preliminary data with α-KG and cytochrome oxidase in which expression levels of these enzymes are unchanged, suggest that there are no net changes in mitochondrial numbers but future analysis of the transcription factor peroxisome proliferatoractivated receptor gamma coactivator 1-alpha could be used to assess mitochondrial biogenesis following PC [73, 74] . Additionally, analysis of IDH mRNA transcripts would reveal if the changes reported are simply an independent transcriptional increase within the Krebs cycle.
Ongoing experiments in our lab include further investigation into the role of the IDH isoforms in primary neuronal cultures following PC in order to identify how downstream signaling molecules such as α-KG and HIF1α respond to a combination of both energetic and oxidative stressors. We hope that these types of experiments will allow us to identify novel ways in which to regulate the IDH isoforms to promote neuronal survival. Primary neuronal cultures were exposed to 5 min of OGD on three consecutive days. Whole cell extracts were harvested 24 h following the third PC session. Fifteen μg of total protein was separated on 4-12% Bis-Tris gels, transferred onto Hybond PVDF membranes, and probed with antibodies specific for IDH3 and HSC70 (loading control). (A) A decrease in IDH3α expression was observed after 3 days of PC (n=3) and quantified (B). Neurons were photo-documented prior to PC (C), 24h after 1 day of PC (D), 24 h after 2 days of PC (E), and 24 h following day 1, 2, and 3 of PC (F) in order to demonstrate that there was no change in cell viability as a result of three consecutive days of PC. These images are in keeping with our previous use of this model [14] . HT-22 neural cells were exposed to 3 mM glutamate for 24 h. Whole cell extracts were harvested at 24 h and 10 μg of total protein was probed with antibodies specific for IDH1, IDH2, IDH3, α-KG, HIF1α, and HSC70. (A) IDH1, IDH2, IDH3, α-KG, and HIF1α showed no change in expression compared to control lysates (n=3). (B) Cell viability was assessed and quantified by MTT assay (n=3), showing this oxidative challenge was non-lethal (p>0.05). The data are expressed as a percent survival compared to sorbitol ("Total Kill") and were post-hoc analyzed using a one-way ANOVA and Turkey's multiple comparison post-hoc analysis. HT-22 cells were photo documented following treatment to visually assess cellular viability: both the control condition (C) and the 3mM glutamate condition (D) illustrate negligible changes in cellular viability while the sorbitol condition (E) exhibits appreciable cell death. HT-22 cells were exposed to glucose-free medium substituted with 25 mM galactose for 72 h. Whole cell extracts were harvested at 72 h and 10 μg of protein was probed with antibodies specific for IDH1, IDH2, IDH3α, α-KG, HIF1α, and HSC70. (A) IDH1, IDH2, IDH3, and α-KG all demonstrated significant increases in expression compared to control lysates, while a decrease in HIF1α was observed (n=3). (B) At 72 h, the proliferative status of the 25 mM galactose condition compared to the 25 mM glucose control was assessed via MTT assays. Data are expressed as percent of control and were analyzed using a Student's t-test (***p<0.0001). At 72 h, cells were fixed and further processed for immunocytochemistry. Ki67 (red) was used as a marker of mitotically active cells, β-tubulin (green) was used as a cytoarchitectural marker, and DAPI (blue) was utilized as a label of cell nuclei. (C) The control condition shows a predominance of Ki67 within the nuclei of the cells while (D) the 25 mM galactose condition has minimal Ki67 staining, demonstrating galactose challenge halts cell proliferation. The amount of ATP normalized to total protein in galactose-treated cells was less than that of control cells; however, the difference was not significant (n=5, p>0.1). The data were analyzed for significance using tailed t-tests.
Figure 5: The IDHs: Energetic Gate-Keepers
Situated within the Kreb's cycle, IDH has the ability to influence ATP and ROS production via aerobic respiration and thus is poised to serve as a critical control point during times of hypoxic stress. Utilizing the galactose challenge as an energetic stressor and glutamate toxicity as an oxidative stress, we have demonstrated that IDH expression is rapidly and consistently increased in response to energetic challenges. By moving neural cells to glycolytic means to produce ATP in stress, neurons may enhance survival of secondary stress. Moreover, limiting carbohydrates with galactose rapidly brought aerobic respiration online whereas changes in other modulators of aerobic respiration were not observed.
